This paper reports enhanced internal-quantum-efficiency (IQE) in InGaN-based multiquantum-well (MQW) grown on Si(111) substrate with underlying strained-layer-superlattice (SLS) cladding layer for application in LDs and LEDs. In comparative study between a thick Al 0.03 Ga 0.97 N bulk and an Al 0.06 Ga 0.94 N/GaN SLS cladding layer, transmission-electronmicroscopy (TEM) images reveal that Al 0.06 Ga 0.94 N/GaN SLS cladding layer is effective to suppress threading dislocations. A higher IQE has been achieved in sample with underlying Al 0.06 Ga 0.94 N/GaN SLS cladding layer, compared to that of Al 0.03 Ga 0.97 N bulk cladding layer. IQE of 31.6% has been achieved in sample with underlying Al 0.06 Ga 0.94 N/GaN SLS cladding layer when the MQW thickness is reduced to 2 nm.
INTRODUCTION
GaN-based wide band-gap emitters grown on Si are very promising breakthrough for low-cost energy-saving applications. Silicon (Si) is a very promising substrate for GaN growth, which is low cost, widely available, having large surface diameter, and offering good current and thermal conductivity for device operation. However, a few issues that hindered epitaxial-growth of GaN on Si(111) substrate are cloudy and cracked epilayer, large wafer curvature and high threading dislocation density exceeding 10 -2 10 cm in conventional metalorganic chemical vapor deposition (MOCVD) method. These are attributed by large lattice and thermal mismatch between GaN epilayer and Si(111) substrate of 17% and 116%, respectively. A thin AlN layer is generally used as seeding layer for GaN growth on Si substrate, followed by methods such as AlN/GaN or AlGaN/GaN multilayer [1] [2] [3] [4] [5] , AlN interlayer [6] [7] , Si x N y interlayer [8] [9] , etc, to offset tensile and thermal stress between GaN and Si, and to improve crystal quality in the subsequent epilayer.
Despite the difficulties for GaN growth on Si, a few groups including ours have succeeded in growing good epitaxial quality GaN layer on Si(111) substrate with applications in LEDs [2] [3] [4] [5] and HEMTs [10] . In this paper, we report an efficient suppression of threading dislocations in InGaN-based MQW sample grown on Si(111) substrate by an underlying Al 0.06 Ga 0.94 N/GaN strained-layer-superlattice (SLS) cladding layer, and an improvement of MQW internal-quantum-efficiency (IQE) by optimizing MQW thickness in sample with underlying Al 0.06 Ga 0.94 N/GaN SLS cladding layer. This work is intended for applications in GaN-based LDs and LEDs on Si substrate.
EXPERIMENT
Samples in this study were grown on 2 inch Si(111) substrate by horizontal-reactor MOCVD. Trimethylgallium (TMGa), trimethylaluminum (TMAl) and ammonia (NH 3 ) were used as precursors for Ga, Al and N, respectively. Hydrogen (H 2 ) was used as carrier gas. Monosilane (SiH 4 ) diluted in hydrogen was used for n-type dopant. Prior to growth, the substrate was thermally cleaned at 1100 °C in H 2 flow. A 20 nm thin AlN layer was grown on the Si(111) substrate as seeding layer, followed by 40 pairs of AlN/GaN multilayers (MLs) with respective thickness of 5 nm and 20 nm. Two types of cladding layer were grown on the MLs, (a) with a thick Al 0.03 Ga 0.97 N bulk layer, and (b) with SLS layer consisting of Al 0.06 Ga 0.94 N/GaN pairs. Subsequently, a 60 nm GaN waveguide layer and an active layer, with 3 pairs of 4 nm In 0.16 Ga 0.84 N quantum well and 9 nm of Si-doped In 0.08 Ga 0.92 N barrier were grown. Finally, the growth was capped with a 10 nm GaN layer. Furthermore, optical characteristics in sample with underlying Al 0.06 Ga 0.94 N/GaN SLS cladding layer was optimized by reducing the MQW thickness to 3 nm and 2 nm. MQW pairs and other growth parameters were kept similar in all samples.
Structural properties were evaluated by transmission electron microscopy (TEM), observed using JEOL JEM-2010F FasTEM system operating at 200 kV. TEM samples were prepared by a standard procedure, with thickness of 100 nm. Optical characteristics were evaluated by temperature-dependence photoluminescence (PL) method, using a closed-circuit helium cryostat equipped with heater and temperature controller. A 325 nm He-Cd laser was used for PL excitation. Threading dislocation density (TDD) in the upper region of each cladding layer is summarized in Table I . The TDD estimation was determined by counting along crystal plane normal to the growth direction from TEM micrograph of 5 m µ length and 100 nm sample thickness. Edge and mixed type of dislocations are predominant in both samples. We find that TDD of screw and mixed type at [ 
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[1120] g = Al0.03Ga0.97N Bulk MQW optical performance in each underlying cladding layer was evaluated by temperature-dependence PL. Figure 2 shows Arrhenius plot of normalized integrated intensity for the MQW emission with 10 K temperature increment between 10 K and 100 K, and 20 K increment subsequently until 300 K. IQE of the MQW can be estimated by comparing PL normalized integrated intensity ratio between 300 K and 10 K [11] . Assuming that the IQE at 10 K is 100%, estimation of IQE at 300 K for sample with identical 4 nm MQW thickness is 2.1% and 4.8% in sample with underlying Al 0.03 Ga 0.97 N bulk and Al 0.06 Ga 0.94 N/GaN SLS, respectively. The IQE enhancement is attributed by efficient suppression of TDs by the SLS cladding layer, as discussed earlier. Further improvement of the IQE can be achieved by reducing the MQW layer thickness, which reduces quantum-confined Stark effect (QCSE) and increases electron-hole wave-function overlap in the InGaN-based MQWs [12] . Sample with 3 and 2 nm MQW thickness shows respective estimated IQE of 11.2% and 31.6%, when grown with underlying Al 0.06 Ga 0.94 N/GaN SLS cladding layer. The steep decrease of integrated intensity in temperature range between 120 K and 160 K is attributed by activation of non-radiative process in the recombination [13] . Figure 3 shows temperature dependence normalized PL intensity for sample with 2 nm thickness of In x Ga 1-x N MQW grown with underlying Al 0.06 Ga 0.94 N/GaN SLS cladding layer. The emission at 2.9 eV originates from radiative recombination of excitons in the wells, while emission at 3.1 eV which is visible at low temperature originates from In y Ga 1-y N barriers. The intensity ratio at 300 K and 10 K is consistent with the estimated IQE in figure 2 . These results confirm that Al 0.06 Ga 0.94 N/GaN SLS cladding layer is effective to suppress TDs and therefore enhance optical emission in InGaN-based MQW grown on Si(111) substrate with a relatively low pair of MQWs.
CONCLUSIONS
In conclusion, we have reported reduction of threading dislocations for GaN growth on Si(111) by an underlying Al 0.06 Ga 0.94 N/GaN SLS cladding layer. TEM images confirm that the SLS cladding layer efficiently suppresses TDs from propagating into subsequently grown layer. A relatively high IQE of 31.6% has been achieved in sample with the underlying SLS cladding layer, when MQW thickness is optimized to 2 nm. 
